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ABSTRACT: A large number of retaining glycosidases catalya#h hydrolysis and
transglycosylation reactions. In order to use tlasncatalysts for oligosaccharide synthesis,
the balance between these two competing reactassoibe shifted towards
transglycosylation. We previously designed a satienal approach to convert tlbermus
thermophilus B-glycosidase into transglycosidases by mutatinglizigonserved residues
located around the -1 subsite. In an attempt tdy#rat this strategy could be a generic
approach to turn glycosidases into transglycosgj&obacillus stear other mophilus a-
galactosidase (AgaB) was selected in order to wbtéiiansgalactosidases. This is of
particular interest as, to date, there are noieffie-galactosynthases, despite the
considerable importance afgalactooligosaccharides. Thus, by site-directethgenesis on
14 AgaB residues, 26 single mutants and 22 doublams were created and screened, of
which 11 single mutants and 6 double mutants etddbmproved synthetic activity,
producing 4-nitrophenyt-D-galactopyranosyl-(1,6)-D-galactopyranoside (GalGaNP) in
26 to 57% vyields against only 22% when native Agat® used. It is interesting to note that
the best variant was obtained by mutating a sesbietl-residue, with no direct interaction
with the substrate or a catalytic amino acid. As #pproach has proved to be efficient with
botha- andp-glycosidases, it is a promising route to convetaining glycosidases into

transglycosidases.



INTRODUCTION

Carbohydrates play major roles in most biologicakcpsses such as inflammation
reactions, cell death, cellular interactions, dtzdttion of proteins, adhesion of pathogenic
microorganisms and binding of toxins (Hart and Gape 2010; Lichtenstein and Rabinovich
2013; Ghazarian, Idoni, and Oppenheimer 2011)ahiqular, most naturally-occurring
human antibodies recognize a carbohydrateqthal epitope (Macher and Galili 2008), and
a-galactosyl residues are present in glycan antitgngeted by carbohydrate vaccines against
various pathogens such ldasseria meningitidis, Shigella dysenteriae andLeishmania spp.
(Astronomo and Burton 2010). Furthermauel,,6 linked galactooligosaccharides have been
recognized for their prebiotic properties (Anderséal. 2013; Cervera-Tison et al. 2012;
Hachem et al. 2012; Nakai et al. 2010; Wang €2@l4). However, their use is hindered by
their poor availability: unlike for proteins andateic acids, there is no general synthetic route
for oligosaccharides and, despite the conside@bdlelopment of efficient methods in this
field (Wang et al. 2007; Zhu and Schmidt 2009),aksembly of oligosaccharides remains a
substantial challenge. Consequently, alternativeéh&fic strategies have been explored,

particularly those based on enzymatic processes.

The enzymatic synthesis of glycosidic bonds capdséormed by glycosyltransferases or
transglycosidases. The former can catalyze thedtom of glycosidic bonds with both high
yield and selectivity, but their use is limitedtire large-scale production of oligosaccharides
by the difficulty in accessing activated sugar dsn@ugar nucleotides for Leloir-type
transferases or phosphate sugars for non-Lelogsjyflairson et al. 2008), even though a
recent approach seems promising (Gantt et al. Zlag et al. 2006). As an alternative,

engineered retaining glycosidases have providesffament approach for the synthesis of



oligosaccharides. A first methodology was basethersubstitution of the catalytic
nucleophile by a neutral amino acid and the usect¥ated donors with an anomeric
configuration opposite to that of the original sl (such as-glycosyl fluorides), which
yielded new enzymes called glycosynthases (Waafj @994; Mackenzie et al. 1998; Malet
and Planas 1998; Cobucci-Ponzano et al. 2012). Menvalthough these glycosynthases
have been very efficient for the synthesig-a@fycosidic bonds, the results are disappointing
when they are applied tegalactosidases, despite recent advances (CoboozaRo et al.
2010). A second methodology based on the Hehraxtlessis hydrolysis properties of
inverting glycosidases (Hehre et al. 1979) has Ipeeposed. Mutating residues involved in
the hydrolysis reaction but not in the Hehre-relsgais reaction yield variants that efficiently
catalyze the synthedsslinkages (Honda and Kitaoka 2006; Honda et al 8200his
methodology was also extended to the synthegislimkages (Wada et al. 2008), but with
less efficiency.

As an alternative, naturattransglucosidases, such as amylosucrase and dextrase,
have been identified in CAZy (Cantarel et al. 20fa@yilies GH13 and GH70 that can
efficiently catalyze the formation efglucosidic bonds using sucrose as a natural detiva
donor (Irague et al. 2011; Champion et al. 2009z@tSerin et al. 2005; Plou, Segura, and
Ballesteros 2007). These examples of natural thaosgjdases suggested that directed
evolution of glycosidases into transglycosidasegdbe possible and this strategy was
validated in our laboratory on boiik andp-glycosidases (Feng et al. 2005; Osanjo et al.
2007; Koné et al. 2009). Although molecular modgkmd structural analysis were
tentatively applied to explain why these evolvedants present improved transglycosidase
activities (Teze et al. 2014; Osanjo et al. 20@hd-et al. 2005; Teze et al. 2013b), the
molecular events leading to an improved transghlyledi®n over hydrolysis ratio have not yet

been determined precisely, even for natural trgesgidases such as cyclodextrin



glycosyltransferases (Leemhuis et al. 2002; Kdllgl€2008). However, the data led us to
propose the working hypothesis that mutating coregbresidues within the donor subsite of
Thermus thermophilus -glycosidase would enable the creation of transggitases and

indeed four nev-transglycosidases were obtained (Teze et al. 2014)

Therefore, the aim of this study was to investigaltether this approach could also
enable the rapid creation of efficiantransgalactosidases. AgaB was chosen as a model
system as this enzyme, which belongs to the CARyl$a36 (Lombard et al. 2014),
subgroup | (Fredslund et al. 2011; Hachem et d2®thas shown interesting
transgalactosylation properties. It was shown talgae the synthesis of 4-nitrophemyD-
galactopyranosyl-(1,6)-D-galactopyranoside (GalGal-pNP) with yields ufpb8% when
high substrate concentration were used (100 mMari§enberg et al. 2000). Higher yields of
this disaccharide (74% with 40 mM of substrate)ehbgen obtained with thegalactosidase
from Aspergillus nidulans, which belongs to the same subgroup and shares @984ty with
AgaB (Nakai et al. 2010). We also previously showed the regioselectivity of the enzyme
could be modulated by mutagenesis (Dion et al. 20B)L In addition, its crystallographic
structure has recently been published (Mercerah @012). Recently, the first reported
galactosynthase was created from a GH36 enzym@&htneotoga maritima a-galactosidase
(TmaGal, subgroup Ill{Cobucci-Ponzano et al. 2010) and moderate imprewtiof the
transglycosylation catalyzed by the same enzymdoéeas reported (Bobrov et al. 2013).
Interestingly, the GH36 family also contains puansgalactosidases, such as stachyose and
verbascose synthases, which are important for osstoyage in seeds (Peterbaueret al. 2002a,
b; Peterbauer et al. 2003). However, these plantreas, which belong to the GH36
subgroup Il (Fredslund et al. 2011), are diffidoljpproduce and their structure is not known.
Their sequences present less than 15% identityAgdB, preventing reliable sequence

alignments, not to mention homology modeling. N&waess, their existence suggests that



glycoside hydrolases from this family could be e&eal to pure transglycosidases, with little

or no hydrolysis activity, while keeping their dngl double-displacement mechanism.

The present work describes a semi-rational apprtmachnvert the&seobacillus
stear othermophilus a-galactosidase (AgaB) into transglycosidases byatmg highly
conserved residues located around the -1 donoitsuBs initial Ala scanning allowed
identifying critical positions that affect the hydlysis/tranglycosylation ratio, and the most
effective positions were then mutated into a mamservative amino acid. We found that
50% of the mutated positions led to an improveno¢ie transglycosidase activity,
suggesting that targeting the -1 site of glycosdasould significantly decrease the screening

effort to evolve glycosidases into tranglycosidases

RESULTS

Amino acid conservation within the GH36 family

To study the effect of mutations on conserved tessdvithin the donor subsite of the
enzyme, the conservation of all AgaB amino acids iwaestigated. Thus, using the AgaB
sequence as the query, 205 sequences from the &Hg6oup | were obtained that shared
between 25 and 95% of sequence identity betwegram$ of sequences and between 25 and
66% with the query sequence. The average consenvwas 54.4%, with 5.2% of amino
acids (38 AAs) at least 99.5% conserved (E®). Given the AgaB structure (PDB code
4FNQ) and the very homologous AgaA structure (9@éiity) in complex with stachyose
(PDB code 4FNU) (Merceron et al. 2012),cafbal residue was added to the AgaB structure
by superimposition (RMSD=0.5 A). The minimal distarbetween one of the non-hydrogen
atoms of the aforementioned conserved residuesamodf the glycosyl non-hydrogen atoms
was measured (FidB). It is particularly interesting to note that ¥sidues have a minimal
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distance less than 3.5 A from the glycosyl, and tieaother residues have a minimal distance
less than 4.5 A. These 10 residues constitutesteshell, directly involved in catalytic

activity (D478 and D548) or in substrate binding3@B, D367, W411, K476, N480, C526,
G529 and W545; FigA). Six of these highly conserved residues are éatdbom 4.5t0 6.1

A away from the glycosyl, interacting with firstedhresidues and thus constituting the
conserved residues of the second interaction §i884, W336, R373, E413, R443 and S547,

Fig. 2B). These 16 residues located at less thad\&rbm the glycosyl are likely to be

involved in the enzyme function and their impactloa transglycosylation is worth
exploring. Then, the next conserved residue i<3B88 at 7 A, which might be involved in
protein folding.

Ala-scanning

Among the 16 conserved AAs close to the donor selbsvo are the catalytic residues
(D478 and D548) and the remaining 14 were indiMiguautated into alanine to assess if
these residues have an influence on the transgiiatas yields. The resulting mutants were
produced and their kinetic parametegs/lKy as well as their ability to catalyze GalGaNP
synthesis are summarized in Tahle

Most of the mutants, except for the E413A and W4%YaAants, display a non-Michaelian
behavior as they do not present any saturatiorghtdubstrate concentration, thus catalytic
constants, k and kg, could not be individually determined and only #pgparent second-
order rate constantl¢(Ky (“catalytic efficiency”) is presented (Table )h&@ WT enzyme and
the G529A showed a slight substrate inhibition.egkes of these non-classical behaviors are
presented in Figurés16andS17(Supplementary data).

Of the 14 mutants produced, only 6 displayed sigfficactivity to measure their yield of
GalGalpNP synthesis when used withGal{ppNP 10 mM as a substrate (Tab)eThis Ala-

scanning was successful for rapidly obtaining tgytosidases, with three variants



presenting transglycosylation yields in the ranfy@loto 38% against 22% with the WT.
However, the kinetic parameteg,#K of these six mutants dropped dramatically by two to
three orders of magnitude. It should be notedithtdiree (G529A, C526A and S547A) of
these six variants, Ala mutation resulted in loaristchange and that two of these three
presented the highest activities among all varidMisile Ala-scanning was performed to
analyze the effect of each conserved residue sutisti in a similar fashion, it appeared that
minimizing the steric difference between the vareamd the native enzyme was needed in
order to avoid drastic loss of activity. Thus, as®l round of mutagenesis featuring
“conservative mutations”, i.e. mutations closesstimucture to the wild-type enzyme, was
performed.

Conservative mutations
Of the 14 chosen positions, 10 were selected smcand round of mutagenesis in which the
novel amino acid replaced the original one in aansosteric way. G529, C526 and S547
were excluded as Ala is already a good replacestente and mutating R373 was excluded
as it seemed to engender a strong deleterioud effieithe transglycosylation yield, with a
drastic drop from 22 to 2% (Tablg As the N334A mutant was the best variant setkbte
Ala-scanning, more substitutions on this specibsipon were added. The kinetic parameters
kealKm as well as GalGgNP synthesis yields of the resulting mutants arersarized in
Tablell .

In the set of variants obtained by “conservativeatons”, only three mutants were
inactive: R443Q, D366N, E413Q, and a 10- to 75-fntitease in k/Ky was observed on
four positions with regard to Ala mutants as weslbal5- to 100-fold decrease in the amount
of enzyme needed to reach reaction completion. &prently, 8 out of 9 variants were active
enough to assay GalGpINP synthesis and showed improved yields comparé#tkctoative

enzyme (from 26 to 45% against 22% with the WTiedastingly, none of the newly created



variants displayed yields lower than the correspamndéla variant, which suggest that starting
directly with a round of conservative mutationsngst probably the best approach to create
new transglycosidases.

As the resulting mutants after this second rounchatfagenesis kept high levels of activity,
combinations of the most successful mutations \weréormed.

Mutant recombination

After two rounds of mutagenesis, the variants olgdiby mutating conserved residues of 7
out of 14 positions showed an increase in transgiylation yields, therefore 21
recombination mutants, resulting from the comborabf mutations S547A, N334T, W336F,
D267N, W411F, K476Q and W545F, were created. Thd35N334S double mutant was
added to this set. Kinetic parametegg/Ky as well as GalGgiNP synthesis yield of the
resulting mutants are summarized in Tdkble

Among the 22 newly created double mutants, onlyefevactive enough to allow
qguantification of GalGapNP synthesis (Tablgl ), and these 6 mutants always contained
W545F and/or N334T mutations, which are the leakdtdrious to thek/Ky parameter
among those used for recombination (Tablaadll ). It can be concluded from these 15
inactive or low active mutants that there is arggradditivity of the decrease in catalytic
efficiency, while the beneficial effect on transgbgylation shows a less additive effect: only
the double mutant N334T-W545F displayed a higheldyihan the single mutant N334T or
W545F, with a 57% vyield (against 45% for N334T, 3ts#%W545F and 22% for the WT).
For the best variants (N334T, W545F and N334T-W548te kinetics of GalGghNP
synthesis were compared with that of the WT (B)gOne of the drawbacks of the use of
glycosidases for oligosaccharide synthesis is dftersecondary hydrolysis of the formed
products. However, thanks to the use of an actvdtmor for which AgaB presents a much

higher specificity than for natural substrates &hgKy towardso-GalpNP is 500 times
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greater than towards raffinose (Merceron et al2) mall amounts of enzyme were used
and the transglycosylation product was barely hiydeml and maximum yields of product
formation remained for a long time (Fig). Only the N334T variant exhibited a slight
secondary hydrolysis compared to the other mutamdsthe native enzyme.
After these three rounds of mutagenesis, AgaB mtaiaith a strong improvement in their
synthetic activity towards GalGaNP synthesis were obtained. However, as 4-nitroghen
groups are hard to remove without breaking theagigic bond, this disaccharide is of little
interest. Thus, a study of transglycosylation talgaan acceptor bearing a thiophenyl group
instead was undertaken, as this protecting grogphased successful in chemo-enzymatic
synthesis (D’Almeida et al. 2009; Marton et al. 200

Effect of changes in donors and acceptors on synti@yields of transglycosylation
with AgaB variants
The closest analogue @fGal{pNP containing a thiophenyl group is phenyl 1-thio-
galactopyranoside. However, given the low availgbdf this compound, the more affordable
phenyl 1-thiop-D-galactopyranoside (Gal-S-Ph) was used. Moreokiey compound made it
possible to assess whether the N334T variant amédacceptors withfizconfiguration as
well as with ari-configuration. The N334T variant was chosen olierN334T-W545F
double mutant for the sake of enzyme consumptieit, gives the best transglycosylation
yield after the N334T-W545F variant, but needs @8-fess enzyme to reach reaction
completion (Table 4). Transglycosylation yieldgpbEnyla-D-galactopyranosyl-(1,6)-1-thio-
B-D-galactopyranoside (GalGal-S-Ph) synthesis arengivdablelV . Both native AgaB and
the N334T variant were able to catalyze the symh#sGalGal-S-Ph, with a net increase
from 14 to 33% with the latter, which demonstrdtes newly created variants keep the
promiscuity of the native enzyme towards acceprsomparative study with the

galactosynthase approach (Cobucci-Ponzano et HD) 2(as been also performed: the D478G
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AgaB variant (equivalent to the D327G @@al glycosynthase variantjas produced and
tested with3-Gal-N; as donor. It showed an interesting increase inhgyitt yields compared
to the native enzyme (from 14 to 23%, TalMg. Nevertheless, thetransgalactosidase
N334T variant displayed higher yields (33 agairg*2, while consuming 42-fold less
enzyme. When using Gal-S-Ph instead-@alpNP as an acceptor, a drop of one-third in
synthetic yields with both N334T and the nativeyane was observed. This decrease is
mainly due to competition with the GalGalNP synthesis. This competition could be turned
towards synthesis by addingGalpNP gradually, which resulted in an increase fromi@33
54% of GalGal-S-Ph synthesis yield when the N33diiant was used. In order to go further
in avoiding competition with the GalGpNP synthesisy-Gal-F was used as donor instead of
a-Gal{pNP (Andre et al. 2001). This resulted in a drasticease in transglycosylation yields
from 14 to 37% with the native enzyme and from@82% with the N334T variant (Table

IV).

DISCUSSION

With the best N334T AgaB variant, one-step glycesimbnd formation with high yields
(from 45 to 62%) with unprotected sugars and mddezazyme consumption was achieved,
which makes this variant suitable for bioconversisas. It also competes favorably with the
glycosynthase D478G variant as it provides higrardglycosylation yields (62 against
23%), while using 151-fold less enzyme (Tabg. Thus, this approach, which targets highly
conserved amino acids around the active site oBAgavery efficient for obtaining
transglycosidase mutants rapidly and avoiding ¢édets screening procedures imposed by
random evolution approaches (Koné et al. 2009xheamore, the initial approach (Teze et al.

2014) has been improved, as we demonstrate invibris that one round of conservative
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mutations allowed a fast access to new transglglassis while avoiding drastic drops in
activity. It is particularly interesting to notedaththe best variant, N334T, was obtained by
mutating a second-shell residue, showing that skgit modifications may provoke strong
effects on the balance of transglycosylation owelrdlysis. The addition of a second
mutation induced a strong deleterious effect oratitvity of all the 22 double mutants
produced (Tabldél ). On the other hand, the effect on transglycogylagields seems less
predictable: among the six double mutants thatletdd an activity high enough to study the
transglycosylation yields, two displayed an intérggincrease compared to the single
mutants (N334T-W545F (+12%) and W411F-W545F (+9%®, showed slight yield
modifications (N334S-W545F (+1%) and N334T-W411E4)) and two presented a drastic
drop in yields (N334T-K476Q (-7%) and W336F-W54582¢)) (Tablelll ).

Mutants were screened for the best transglycosiaetsgty by following the GalGapNP
synthesis. As this product is of limited interestaa intermediate in oligosaccharide synthesis,
we also demonstrated that by switching to otheepites, mutants kept their improved
transglycosylation properties since mutations ditlaifect the +1 and +2 acceptor sites.
Moreover, by using alternative donors suclw#3al-F, the transglycosylation yields
improved due to the absence of the competing GghSBl synthesis. As the-Gal-F is a
more activated donor than theGal{pNP, the enzyme consumption was decreased by 3.6 to
5-fold, which also contribute to the transglycosigia yields increase due to the reduction of
secondary hydrolysis.

The spatial arrangement of the mutated residuedeaeen in the published structure of
AgaB (Merceron et al. 2012) (Fig. 2). The N480desi is located in the neighborhood of the
acceptor subsite, which may explain the drop indglycosylation yields obtained with the
variant N480D as some interactions with an acceptmety could be missing. However, all

the most beneficial mutations for transglycosidastévity are located farther from the
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catalytic residues, at the bottom of the -1 sitatggmutations on residues S547, N334,
W545 and K476 (Fig. 2)). Thus, structural inforrmatdoes not give any clues for
understanding the effect of mutation on the trayggdylation/hydrolysis ratio. To date, a
possible explanation is that highly conserved amaitids in the strict vicinity of the glycosyl
subsite are involved in stabilizing the transitgtates of the catalyzed reactions, i.e.
glycosylation, hydrolysis and transglycosylatiohu$, mutating these residues might
decrease the transition state stabilization ofealilesee reactions (resulting in a drop in kinetic
parameters), but their contributions to the stahilon of each of these three transition states
is most probably not identical. Thus, the finelged equilibrium between these three
reactions would be disturbed and it is likely thatiants presenting a balance slightly shifted
towards transglycosylation would be obtained (ab agethose with a balance shifted towards
hydrolysis). Indeed, on 14 mutated positions, thesstution of 4 of them led to variants with
a decreased synthetic ability, 7 led to an increabdlity and 3 gave no quantifiable yields.
As the rationalization of the results proved unssstul, it seems to be essentially
impossible to identify by rational design the kedgpions to mutate. However, the
methodology proposed in this work to create impdotvransglycosidases is much more rapid
and efficient than directed evolution, which regsgiscreening procedures on a large library
of mutants. As it has been proved efficient foratireg botha- (this work) and3-
transglycosidases (Teze et al. 2014), it may benai@l route to obtain transglycosidases

rapidly.

MATERIALS AND METHODS

a-GalpNP andB-Gal-S-Ph were purchased from Carbosynth, oligauicles from Eurofins,
and enzymes from Fermentas. Other laboratory réagere purchased from Sigma-Aldrich

unless otherwise indicated and used without furpheification.
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Site-directed mutagenesis

The QuikChange site-directed mutagenesis kit frorat&gene was used to make point
mutations without any modifications: during PCRy Bblymerase extends the primers and
generates a nicked plasmid with the desired murtaticorporated. Then the product is treated
with Dpn | endonuclease, which digests the pardditéh. The nicked plasmid can then be
transformed into XL-1 Blue competent cells. The-R3DNA fragments encoding the mutant
AgaB enzymes were sequenced in both forward aretsewdirections. Primers used for the
site-directed mutagenesis are listed in Supplemgitata (Table§S1, TS).

Protein expression and purification

Recombinant strains expressing AgaB genes weremgiow L of LB medium at 37°C
overnight, centrifuged and resuspended in 35 mliysi$ buffer (0.1 M phosphate, pH 8, 0.5
M NacCl, 10 mM imidazole, 10 ug.mLDNAse 1). After sonication and centrifugation, @sH
tagged proteins were purified by immobilized iontatk@ffinity chromatography (IMAC):
250 pL of Ni-NTA Superflow (Qiagen) was added te #upernatant and stirred for 1 h at
4°C, then loaded onto a 10 mL column. The columa washed using 25 mL of washing
buffer (0.1 M phosphate, pH 8, 0.5 M NaCl, 25 mMdazole), then 5 mL of elution buffer
was added (0.1 M phosphate, pH 8, 0.5 M NaCl, 26Dimidazole). Purity of the final
product was checked by sodium dodecyl sulfate-mojfyamide gel electrophoresis (SDS-
PAGE). Enzyme concentrations were determined byabsbrbance at 280 nm (Ahgsy, =
2.18 and 2.07 for the W mutants) using NanoDro@1(@®ermo Scientific)

Bioinformatic analysis

GH36 sequences were retrieved from the Uniprotiodesta (Apweiler et al. 2004) and
multiple sequence alignment (MSA) was performed@t USTALW (Chenna et al. 2003).

To assess the degree of amino acid residue comniserv205 different sequences more than
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30% identical to AgaB after the MSA were consideigdreafter, amino acid residues found
conserved in more than 99.5% of these sequencesrared “highly conserved”.

Kinetic studies

All kinetic studies were performed with a TECANIlmte M1000 spectrophotometer at
30°C in phosphate buffer 0.1 M, pH 7. Initial reantrates were calculated from the slope of
the first-order plot of product concentratigpN@) against reaction time, then initial reaction
rates were plotted against substrate concentratidrthe resulting curves were fitted to the
hyperbolic equation v=VmafS]-[E])/(Ku+[S]) using Origin 7.0 (OriginLab) to obtainrJand
Kw parameters. For most mutants hyperbolic curves wet observed since the kinetic of
PNP release was the result of both glycosylatigdrdiytic and transglycosylation reactions.
Thek:o/Kmn parameter was evaluated at low substrate contemsawhen kinetic can be
approximate to the equation: kez/Kw+[E]+[S]. keafKm IS then an apparent second order rate
constant (referred as the “catalytic efficiencyjich is determined by the initial slope of the
curve V/[E] = f([S]). All measurements were maddriplicate with at least 12 different
substrate concentrations ranging from 9.8 pM ton20Q.

Transglysosylation studies

Screening of the transglycosylation efficiency @fa® variants was achieved by following
GalGalpNP synthesis (Spangenberg et al. 2000). Synthigtidsywith 10 mMa-Gal{pNP
were determined by capillary electrophoresis (Beaki/ACE System 5000 with an
uncoated fused silica capillary, 47 cm) as previodsscribed (Teze et al. 2013a; Teze et al.
2014). 20QuL of media containing 10 mM imidazole (used asraarnal standard), 10 mM
a-GalpNP and the enzyme (enzyme concentrations are tediga Tabledl , 11l , andlV)
was incubated at 30°C in phosphate buffer 0.1 M7pWithin the capillary electrophoresis
apparatus and analyzed every 24 min for 2.8 h ¢élaeh hour for the remaining 7 h. If

specifieda-galactosyl-fluoride d-Gal-F) 10 mM om-galactosyl-azideptGal-Ns) 10 mM
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was used as a donor insteadivdbalpNP. If specified, 1-thig-D-galactopyranoside (Gal-S-
Ph) 10 mM was used as an acceptor, in which ca&sgitien transglycosylation yields refer to
the synthesis of pheny(D-galactopyranosyl)-(1,6)-1-thip-D-galactopyranoside (GalGal-
S-Ph). Separations were performed at 17 kV witimB0 Borax, pH 9.5, as running buffer.
Donors (excepti-Gal-F), acceptor and products were detected byabbrbance at 214 nm
and quantified by comparison with imidazole. Foxperiments with the native enzyme and
the N334A mutant gave maximum yields within a petgaecision. As an example, all 15
electropherograms obtained for the best varian84Y3 study are presented in Figuikto
S15(Supplementary Data). Due to its high thermositgbihative enzyme and also AgaB

variants are fully stable in the timescale of expents.
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Primers used for site-directed mutagenesis aelist Tabled'S1andTS2 Fifteen
electropherograms obtained for Gal@aIP synthesis study of the best variant (N334T) are
presented in Figures1to S15.Kinetic behaviors of mutants W336F and C526A are
presented in Figur816.Kinetic behaviors of mutants W411F and D367N aesented in

FigureS17(Supplementary Data).
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ABBREVIATIONS

AgaB: Geobacillus stearothermophilus a-galactosidase B; TaGal: Thermotoga maritima o-
galactosidasesH36: Glycosyl Hydrolase family 36; WT: wild typ&alGalpNP: 4-
nitrophenyl-¢-D-galactopyranosyl)-(1,6)-D-galactopyranosidey-GalpNP: 4-nitrophenyl-
a-D-galactopyranosyly-Gal-F: a-Galactosyl-fluoride-Gal-Ns: B-galactosyl-azide; Gal-S-
Ph: 1-thiog-D-galactopyranoside; GalGal-S-Ph: PheryB(-galactopyranosyl)-(1,6)-1-thio-

B-D-galactopyranoside.
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Fig. 1. Amino acid conservation within the GH36 familj)(Histogram of the population of
amino acids as a function of their percentage oseovation. Each population
corresponds to an interval of 0.5% of conservatiod the statistics are based on 205
sequencesB( Highly conserved amino acid population as a fiomcof the distance

from the glycosyl, based on the AgaB structure (RDBe 4FNQ).
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Fig. 2. Localization of highly conserved amino acids witkhe AgaB active site (PDB code
4FNQ). Catalytic and galactose carbons are in gnelyblack, respectively. Left: First-
shell residues (in green). Right: Second-shelte=s. Only Second-shell residues (in

orange) are labeled. This figure was created wytiid?.
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Self-condensation (%)

Fig. 3. Time course of GalGgNP synthesis in the presenceneGal{ppNP 10 mM as
substrate. Percentages are calculated with refertenaitial substrate concentration
using the following AgaB variants: WT (empty cirg)eW545F (stars); N334T (filled

circles); N334T-W545F (plus symbols).
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Table I. Kinetics and yields of GalGa@NP synthesis of the AgaB variants obtained by Ala-

scanning.
GalGalpNP  Enzyme concentration
Enzyme ka!Kn (sE.mM™Y)
(%) (Mg.mL??
WT 200+ 4 22 1.0
G529A 3.06 £ 0.03 21 5.5
W545A (6 +0.3) x 16 34 790
C526A 0.33+0.02 19 34
S547A 0.70£0.05 31 29
N334A 0.57 £0.02 38 170
R373A 0.67 £ 0.04 2 11
W411A° (1.3+0.1) x 16 ND° ND°
E413A4° (1.2 £0.1) x 16 ND° ND®
K476A (3.1 +0.1) x 16 ND°® ND°®
W336A; R443A ND ND° ND®
N480A; D366A; D367A NDA® ND® ND¢

®Enzyme concentration necessary to reach the maxiypnelchof GalGalpNP formation

within 4 hours.

P WA11A (ka= (1.9 + 0.02) x 18 s*; Ky =1.5 + 0.07 mM) and E413A (= (3.0 + 0.1) x 10
25t Ky =2.4 + 0.2 mM) display a classic Michaelis-Menbehavior.
“Not Determined. Activities of these enzymes wereltav to measure GalGalNP

formation.

%W336A and R443A presented a detectable activitytdmlow to be measured.

®No Detectable Activity.
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Table II. Kinetics and yields of GalGgINP synthesis of AgaB variants presenting

“conservative mutations”.

Enzyme
Keal Km GalGalpNP
Enzyme concentration
(st.mm? (%)
(ug.mL*?
WTP 200+ 4 22 1.0
N334D 6.6 +0.2 44 3.0
N334S 2.4 +£0.02 39 11.5
N334T 5.4 +0.03 45 10.5
W336F 0.38 +0.005 27 205
D367N’ 0.23 +0.005 26 55
WA411P 0.75+0.02 27 23
K476Q (6.7 £0.4) x 16 36 115
N480D (7.3+0.3)x 16 14 140
W545P 2.7 +0.02 35 7.5
R443Q; D366N; E413Q NDA NDA NDA

®Enzyme concentration necessary to reach the maxiamount of GalGapNP within 4
hours.

These AgaB variants present a slight substrat®itibm.

°No Detectable Activity.
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Table Ill. Kinetic parameters and yields of GalG@P synthesis of the double mutants

obtained by recombination.

GalGalpNP Enzyme concentration
Enzyme kafKm (s*.mM™)
(%) (ug.mL*?
wT? 200 + 4 22 1.0

N334T° 5.4 +0.03 45 10.5

W545F 2.7 +0.02 35 7.5
N334T-W545F 0.21+0.02 57 360
W545F-N334S 0.12 + 0.004 40 425
W545F-W411F (1.1+0.1)x 10 44 1.7 x 16
N334T-W411F (3.6+0.3)x 1O 44 280
W545F-W336F (3.8+0.1)x 10 26 1.0x 16
N334T-K476Q (1.9+0.2) x 10 38 1.4x 16

& Enzyme concentration necessary to reach the maxiamount of GalGabNP within 4

hours.

PWT, N334T and W545F were included as a remindeéhefeffect of single mutations.
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Table IV. Yields of GalGal-S-Ph synthesis using AgaB vasamith Gal-S-Ph (10 mM) as

acceptor and various donors (each at 10 mM).

Enzyme Donor GalGgNP Transglycosylation Enzyme concentration
(%)’ yield (%) (g.mL?)°
WT a-GalpNP 9 14 1.5
WT a-Gal-F ’ 37 0.3
N334T o-GalpNP 19 33 18
N334T o-GalpNF* 9 54 27
N334T a-Gal-F ’ 62 5.0
D478G  B-Gal-N; 0 23 755

®%Yields of GalGalpNP synthesis, measured at the time of the maximetd gf the

transglycosylation product.

PEnzyme concentration necessary to reach the maxitramaglycosylation yield within 4

hours.
‘Instead of having 10 mM of donor at the beginnifithe reaction, the same amount of donor

was reached by 5 additions during the time coufrs$leeoreaction.

32



